Hemoglobin is the paradigm of cooperative protein-ligand binding. Cooperativity is the consequence of inter-subunit allosteric communication: binding at one site increases the affinity of the others. Despite half a century of studies, the mechanism behind oxygen binding in hemoglobin is not fully understood yet. In particular, it is not clear if cooperativity arises from preferential inter-subunit channels and which residues propagate the allosteric signal from one heme to the others. In this work, the heme-heme dynamical interactions have been mapped through a network-based analysis of residue conformational fluctuations, as described by molecular dynamics simulations. In particular, it was possible to suggest which inter-subunit interactions are mostly responsible of allosteric signalling and, within each pair of subunits, which protein fragments convey such signalling process.
Introduction
Hemoglobin is a homodimer of heterodimers that binds molecular oxygen (O 2 ), but also carbon monoxide (CO) and other small ligands, cooperatively. The heterodimers are made up of one α and one β subunit (Figure 1 ), both containing a heme group. Each of these prosthetic groups, which is bound to the protein through the proximal histidine (H87 and H92 in the α and β chain, respectively), is the responsible of uptaking one ligand molecule. Thanks to cooperative binding, hemoglobin can efficiently bind O 2 in the lungs, where this is abundant, carry it through the circulatory system and release it in the tissue, where O 2 partial pressure (pO 2 ) is scarce (Ferrell, 2009 ) . This unique ability makes hemoglobin a promising candidate for blood substituent design (Fronticelli et al., 2007) , although its low thermostability and auto-oxidation limit the applications (Bobofchak et al., 2003) . Therefore, hemoglobin needs to be designed to overcome these limitations while keeping an eye on cooperativity, which should not be compromised. Hence, hemoglobin design is a delicate multidimensional problem (not to speak about its interaction with the plethora of physiological effectors). Unfortunately, the mechanism behind hemoglobin cooperativity is far from being fully understood despite more than half a century of research (Bellelli, 2010) .
The Monod-Wyman-Changeux (MWC) model is considered one of the most reliable theories for hemoglobin cooperativity. This success was fueled by the discovery of oxy-and deoxy-hemoglobin crystal structures, which due to their different affinities were identified as the R and T states respectively (Perutz, 1970 (Perutz, , 1979 . In the deoxy-hemoglobin crystal, Fe ++ lays out of the heme plane and the heme-His bond is tilted and elongated, while in the oxy-hemoglobin structure Fe ++ stays in the porphyrin plane and the heme-his bond is shorter and not tilted. Both out-of-plane displacement and bond elongation are normal consequences of the high-spin (quintet) state of Fe ++ when it is five-coordinated; however, tilting indicates that the heme-his moiety is strained. Further inspecting the crystal structures, Perutz concluded that this so called proximal strain in the deoxy-hemoglobin crystal is induced by several inter-subunit salt bridges that hold the proximal His back preventing Fe ++ to go back to the porphyrin plane upon binding (Perutz, 1970 (Perutz, , 1979 . These salt-bridges were also predicted to break after ligand binding and trigger the T to R transition. Notably, when the heme is detached from the protein and coordinated by imidazole (analog to His side chain) (Barrick et al., 1997) : (i) ligand affinity increases; (ii) the quaternary transition is inhibited and (iii) cooperativity is attenuated, but not completely lost. While the first two points validate the proximal His role in Perutz's stereochemical model (Perutz, 1970) , the last one underlines that a fraction of cooperative binding is controlled by other factors, which could comprise the configuration of the distal pocket (Olson et al., 1988) and entropic effects (Yonetani & Kanaori, 2013) .
According to the tertiary two-state (TTS) model, which is a generalization of the MWC theory, ligand affinity is directly controlled by the tertiary structure of each subunit, which can exists in two states r and t with high and low affinity respectively, whose population is determined by the nature of the quaternary state (R or T) (Henry et al., 2002) . In particular, almost all subunits are in the r state in R while t is predominant in T. Therefore, according to the TTS model, the quaternary state controls ligand affinity only indirectly, influencing the tertiary state of each subunit. Recently, the first computational support of the TTS model was presented by our groups (Jones et al., 2014) .
The scenario turned out to be even more complicated when alternative quaternary structures were found for oxy-hemoglobin (Silva, Rogers & Arnone, 1992; Safo & Abraham, 2005) . Moreover, elastic network model sampling (Xu, Tobi & Bahar, 2003) and several molecular dynamics (MD) simulations, run with different force fields (Hub, Kubitzki & de Groot, 2010; Yusuff et al., 2012; Vesper & de Groot, 2013) , suggest that: (i) deoxy-hemoglobin crystal structure is very unstable in water and quickly (within 100-200 ns) converts into oxy-hemoglobin-like structures (ii) oxy-hemoglobin is well represented by a very wide ensemble of oxy-hemoglobin-like conformations instead of a few crystal structures. Nuclear magnetic resonance (NMR) (Skoog, James Holler & Crouch, 2007) experiments confirmed the second prediction (Fan et al., 2013) and showed how neither deoxy-nor oxy-hemoglobin crystal structures fit well the NMR data (Sahu et al., 2007) . As a consequence, hemoglobin should be considered as a highly flexible protein described by a wide ensemble of structures, being aware that crystal structures are (only) models, with their strengths and limitations, and should not be conclusive when interpreting experimental findings. Moreover, it should be beared in mind that equilibria are dictated by free energy differences. Therefore, cooperative binding might well arise from purely dynamical effects or an altered vibrational entropy of the receptor upon ligand binding (Cooper & Dryden, 1984; Popovych et al., 2006; Hilser, Wrabl & Motlagh, 2012 ; In our previous work, it has been shown that heme reactivity is modulated by ring (out-of-plane distortion) and proximal strain (heme-His bond lengthening and tilting) in the α subunit, while only the former effect is important in the β chain (Jones et al., 2014) . Such modulation can take place with no need to alter the quaternary structure of hemoglobin (Hb) and with minimal tertiary rearrangement (Jones et al., 2014) . In particular, H87α, H92α (proximal and ring strain) and F103β (ring strain (Alcantara et al., 2007) ) were found to have a crucial role in heme reactivity regulation. Apart from ring and proximal strain effects, affinity is also regulated in the distal pocket, where the ligand coordinates Fe (Unzai et al., 1998a) . This might be more important in β since its low-affinity heme-His stretching frequency is significantly higher than the α's despite these subunits have similar O 2 affinities (Unzai et al., 1998b) . Here, the dynamical pathways connecting these important residues (H87α, H92α, F103β, H58α, V62α, H63β and V67β) belonging to different chains are explored with molecular dynamics (MD). The aim is to understand which of these amino acids are more responsible for inter-subunit communication, how they are connected and which subunits exchange more information. In this way, the sequence search space for future stability designs (to develop better blood substituents) can be narrowed down.
Computational details
System setup and molecular dynamics. The 2dn1.pdb Hb's R (ligated) structure was prepared with the protein preparation wizard software (Sastry et al., 2013) . The protonation states of the titratable residues were assigned at pH 7 with PROPKA (Olsson et al., 2011) and double-checked with the H++ server (Gordon et al., 2005) . After that, the following variants were prepared: (i) full-ligated (carboxy-hemoglobin, HbCO); (ii) α1 unligated; (iii) β1 unligated;
full-unligated. The systems were solvated with a 10 Å buffer of waters in an orthorhombic box, neutralized and 0.15 M NaCl was added. After equilibration (default settings), 1 μs NpT production runs were performed with Desmond (Bowers et al., 2006) at 310 K for all the variants. The OPLS-2005 force-field (Kaminski et al., 2001 ) and the SPC explicit water model (Toukan, Kahled & Aneesur, 1985) were used. The heme parameters were generated with the hetgrp_ffgen utility of Schrödinger, inputting charges and geometries from the QM/MM calculations carried out in our previous work (Jones et al., 2014) (for the R and T states). The temperature was regulated with the Nosé−Hoover chain thermostat (Nosé & Shuichi, 1984) with a relaxation time of 1.0 ps, and the pressure was controlled with the Martyna−Tobias−Klein barostat (Martyna, Tobias & Klein, 1994) with isotropic coupling and a relaxation time of 2.0 ps.
The RESPA integrator (Tuckerman, Berne & Martyna, 1992) was employed with bonded, near, and far time steps of 2.0, 2.0, and 6.0 fs, respectively. A 9 Å cutoff was used for non bonded interactions together with the smooth particle mesh Ewald method (Essmann et al., 1995) . residue is a node; if F ij is finite, the i-th and j-th nodes are connected by an edge of distance F ij .
The higher the absolute correlation between two residues, the lower the distance between two nodes. For any pair of nodes, a set of connecting paths can be traced, whose distance is the sum of the distances of each edge (Van Wart et al., 2014) . In the seminal paper of van Wart et al., the allosteric interaction in the HisH-HisF dimer was studied; binding at the allosteric site produced a shift from 3.1-4.0 to 2.8-3.6 of the length distribution of the top 100 shortest paths that link the allosteric site to the binding pocket (Van Wart et al., 2014) . Here, the top 100 shortest paths between α1-β1, α1-β2, β1-α2, α1-α2 and β1-β2 were calculated using default settings, choosing the following residues as possible end-points: F103β, H63β, V67β, H92β, H87α, H58α and V62α. While F103β, H92β and H87α account for ring and proximal strain, the remaining residues aim at describing the dynamics of the distal pocket.
Results and discussion
The covariance matrix of the C α coordinates was built out of the superimposed oxy-(R, 2dn1) and deoxy-Hb (T, 2dn2) crystal structures and the MD trajectories were projected along its first two principal components. In such a way, the extent of R to T transition could be monitored in time. Principal component analysis (PCA) shows that, independently of the ligation state, the system is far away from reaching the T quaternary structure after 1 μs ( Figure S1 ).
Comparing the three simulations, a broader exploration by HbCO while a more pronounced R-to-T directionality can be appreciated for α1-and β1-unligated. Despite none of the four simulations reached the T state, inter-subunit communication is differently channelled according to the WISP analysis. Common to all systems, α1-β2 (α2-β1) seems to be a privileged heme-heme signalling channel (Table 1) . Then, β1-β2 signalling comes next in importance. Although intra-dimer and α1-α2 communications are comparable in α1-and β1-unligated, the former becomes more important when Hb is either saturated or lacking ligands, the latter being the least relevant allosteric channel.
α-β Inter-dimer signalling While α1-β2 (α2-β1) has H87α1 as sole source/sink of allosteric signal in HbCO, signalling is enriched upon CO unbinding in the α1 chain, involving also H58α1 and V62α1 (Table 2) . Therefore, the response of both proximal and distal pockets to unbinding in the α1 chain are successfully propagated to the β2 subunit. When CO leaves the β1 monomer, F103β1
is the main source of the allosteric signal among the selected residues. On the other hand, β1's distal pocket has a limited role in the β1-α2 allosteric signalling, at least in the amount of time F103β through αFG-βFG correlated motion, while the dynamical response of α's distal pocket is communicated through the αB-αC-βFG path down to F103β. When β1 loses the ligand, also the αC helix becomes crucial to convey the allosteric information to both heme's pockets, differentiating the β-to-α and α-to-β paths.
Figure 2.
Residues that are more involved in the α1-β2 (AD) signalling in α1-uniligated. Bin heights represent the frequency at which such residues take part to the signalling process. Figure prepared with VMD (Humphrey et al., 1996) and modified with GIMP ( https://www.gimp.org/ ).
β-β Inter-dimer signalling
In such information exchange channel, F103β and H92β are the most frequent signal source/sinks (Table 2) . Therefore, conversely to α1-β2 (α2-β1), H92β has a significant role in this allosteric communication route, while the distal pocket does not influence such signalling path (which seems reasonable looking at the β1-β2 relative orientation, Figure 6 ). The N-terminal residue seems to be crucial for β1-β2 signalling, along with the rest of the H and F helices (Figures 9.5 and 9.6). Residues that are more involved in the β1-β2 (BD) signalling in β1-unligated. Bin heights represent the frequency at which such residues take part to the signalling process. Figure 6 . Illustration of the residues that are more involved in the β1β2 (AD) signalling in β1-unligated (directly obtained from Figure 5 ). The β1 chain is shown in red, the β2 chain in yellow.
Intra-dimer signalling
The intra-dimer signalling paths, whose impact on cooperativity is comparable to that of the β1-β2 interaction, get more variegate upon CO unbinding from either the α1 or the β1 chain (Table 2 ). H87α takes an important role as signal source/sink, which is instead monopolized by the distal His when CO is bound. Therefore, Fe's out-of-plane motion is successfully transmitted to the other chain. Moreover, H63β starts acting as a signal source/sink as well, propagating/inducing dynamical changes from/in the distal pocket. Despite the richer number of signalling options, intra-dimer communication drops in the α1-and β1-unligated variants. Possibly, such drop might help to focus inter-subunit communication toward the most efficient allosteric channel, namely α1-β2 (α2-β1), although further studies are necessary to confirm it. However, the intra-dimer communication channel gains importance when all the subunits are unligated (Table 1) , although it is still not as efficient as inter-dimer signalling is. Intra-dimer signalling is largely mediated by the following helices: αG, αE, αH, βG, βB (Figures 8 and 9 ). In particular, the distal pockets are mediated through the αE-αH-βB path, while H87α and F103β are linked by a αG-βG medium. Residues that are more involved in the α1-α2 (AC) signalling in α1-unligated. Bin heights represent the frequency at which such residues take part to the signalling process.. Figure 11 . Illustration of the residues that are more involved in the α1α2 (AD) signalling in α1-uniligated (directly obtained from Figure 10 ). The α1 chain is shown in blue, the α2 chain in black and the β2 chain in orange. Figure   prepared with VMD (Humphrey et al., 1996) and modified with GIMP ( https://www.gimp.org/ ).
α-α Inter-dimer signalling Finally, α1-α2 communication is weak (Table 1) and mediated by a β chain (Figures 9.10, 9.11), therefore its contribution to cooperativity should be marginal. The proximal His of the ligand-free chain communicates heme's response to the proximal and distal pockets of the other subunit through the α1FG-β2C-α2H and α1FG-β2C-α2H-α2E routes respectively. The latter, and therefore the involvement of the distal pocket, is less probable though.
Conclusions
According to the results obtained, whether or not the first ligand unbinding event occurs in an α or β chain, the preferential route for allosteric signalling should be the inter-dimer α-β correlation path. This involves both the proximal and distal pockets of the α chain, while the β heme mostly uses F103 to communicate with the rest of the protein. In this signalling route, the following protein fragments act as bridges: αFG-βFG and αB-αC-βFG.
The β-β and intra-dimer α-β paths seem to be less important. The former connects F103
and H92 of both chains to each other through the F and H helices, the latter serves as main communication channel for β's distal pocket. In this last case, these are the bridging moieties:
αE-αH-βB and αG-βG. It should be noted that intra-dimer α-β signalling is more important in fully ligated and unligated forms than in the intermediate ligation states. Finally, α-α communication is not expected to influence cooperativity.
Collecting all the results, it can be seen that, for both chains, the following secondary structure elements are never involved in inter-subunit communication paths: the A helix and the first residues of the B helix, the EF loops and the residues within helices C and E. Therefore, their modifications for design purposes (stability in water) should not impact Hb's cooperativity.
